We present an improved hot spot model that includes the non-uniform absorption of terahertz radiation on a superconducting HEB microbridge. We propose that the terahertz radiation is indeed absorbed mainly in the region of the superconducting microbridge with its energy gap (2 ), in connection with the local electron temperature, less than the photon energy of the incoming radiation. With this improved hot spot model, we can precisely model LO (Local Oscillator)-pumped current-voltage and LO-pumped resistance-temperature characteristics of superconducting HEB mixers.
Introduction
Superconducting hot electron bolometer (HEB) mixers [1, 2] have been rapidly developed in recent years due to the strong need for sensitive heterodyne detectors at terahertz frequencies. The essential part of superconducting HEB mixers is an ultra-thin superconducting film (microbridge) of extremely strong dependence of resistance upon temperature around the film critical temperature T c . If a dc bias current or terahertz radiation is applied to the superconducting film, the dissipated power will elevate the electron temperature, which causes the superconducting film to become more resistive. In principle, the performances of such device should be nearly independent of photon energy (frequency) of the incoming radiation because they rely only on heating of the electrons in the superconducting film. However, it was found that the characteristics of the HEB mixers are relatively different when the photon energy of the radiation is below or above the energy gap 2 of the superconducting film ( <2 ) [3, 4] . This is not predicted by the present hot spot model. Analysis and experiments strongly indicate that there should be some additional physical effects in the superconducting microbridge when <2 . In this work, we included the non-uniform absorption of incoming radiation along the microbridge in the hot spot modelling. With this improved hot spot model, a comparison between modelling and measurement of a superconducting HEB mixer will be presented.
Improved hot spot model
Hot spot models [5] are one of the commonly used model to describe the heterodyne mixing mechanism in superconducting HEB mixers. It is based on solving the heat balance equations for electrons and phonons along the superconducting microbridge. One basic assumption of this model is that the incoming terahertz radiation is uniformly absorbed along the superconducting microbridge. This is true when the photon energy of the incoming radiation is larger than the energy gap 2 of the microbridge ( >2 ) However, for photon energies less than 2 , the incoming radiation does not have enough energy to break up Cooper pairs into quasi-particles and the terahertz radiation should only interact with carriers with suppressed energy gap, such as the electrons in the resistive region of the microbridge and the Cooper pairs in the areas close to the resistive region with weaker superconductivity. In practice, the energy gap (T) of a superconductor is temperature dependent and vanishes in the vicinity of T c as (
0.5 [6] . Thus the radiation absorption should be non-uniform along the microbridge when <2 . For simplicity, we assume that the incoming radiation is mainly absorbed in the region of the superconducting microbridge with its energy gap 2 (T) less than the photon energy of the incoming radiation and the radiation absorption efficiency takes a form
where T c is the critical temperature of the microbridge and T is the width of the resistive transition. Then we can rewrite the heat balance equation for electrons [7] as 
where e is the electron thermal conductance, 2L and S the length and cross section area of the microbridge, (T e ) the local resistivity, e the electron-phonon coupling efficiency.
Experiment and discussion
Using this improved hot spot model, we first calculated the absorption efficiencies and temperature profiles along the microbridge at 100 GHz and 600 GHz when the applied LO power is set to be identical (refer to Fig. 1 ). In our case, the HEB device integrated with a log spiral antenna was fabricated at LERMA. The NbN microbridge is 0.2 m long and 2 m wide (with a normal resistance of 80 ). The critical temperature T c of the HEB mixer is found to be 9.0 K and its transition width T is 0.3 K. In the modelling, we used the measured temperature-dependent resistance to determine the resistance of the microbridge [8, 9] . We find the radiation absorption at 600 GHz is spatially uniform along the microbridge because the photon energy at this frequency is larger than the energy gap of the microbridge (if T e >5 K). However, the radiation absorption at 100 GHz is found to be smaller at the two ends of the microbridge where the electron temperature is usually lower due to the cooling by contact pads, which leads to a higher energy gap. shows the measured current-voltage curves (symbols) of the HEB device pumped at 100 GHz and 600 GHz. The pumped LO powers were intentionally chosen same at two frequencies by using isothermal technique. The difference of the pumped I(V) curves at two frequencies appears mainly at low bias voltages. The effective critical current is obviously lower when the HEB mixer is pumped at 600 GHz. At 100 GHz, a negative-resistance region always appears at low bias voltages of pumped I(V) curves even when the HEB mixer is pumped by relatively high LO power. Furthermore, with the increase of the LO power, the effective critical current at 100 GHz decreases discontinuously. At a certain LO power, the effective critical current jumps to zero, then the I(V) curve of the HEB mixer is no longer hysteretic. It indicates that the radiation absorption by the microbridge is smaller at 100 GHz when the HEB mixer is biased at low bias voltages where the temperature of the microbridge is usually low. With the increase of the LO power, the radiation absorption elevates the microbridge temperature, which leads to a decrease in energy gap. If the decreased energy gap is smaller than the photon energy 2 (T), the absorption efficiency will change a lot. Thus the radiation absorption is abruptly enhanced with the increase of the LO power. Fig. 2 (Left) also shows the pumped I(V) curves (lines) calculated by using the improved hot spot model. It is clear that the calculated results are in good agreement with the measured ones. At 100 GHz, there is no calculated I(V) curves at low bias voltages when the LO power is relatively small because the HEB mixer is unstable there. On the other hand, the applied LO heating power at 100 GHz is found to be about 1.35 times higher than that at 600 GHz. It implies that the mixing performance of the HEB mixer might be worse at low frequencies.
We also measured the temperature-dependent resistance of the HEB mixer when the device is pumped by LO sources at 100 GHz and 600 GHz. Fig. 3 (Right) shows the results (symbols) measured at different LO powers. We can find the resistance of the HEB mixer changes quickly at a certain temperature when the device is pumped at 100 GHz. This critical temperature at which the HEB mixer's resistance changes a lot is dependent on the pumped LO power. But there is no such abrupt change on the resistance of the HEB mixer when the HEB device is pumped at 600 GHz. It confirms our analysis that the radiation absorption at 600 GHz should be uniform along the microbridge. Fig. 3 (Right) also shows the calculated temperature-dependent resistance of the HEB mixer at different LO powers. We solved the heat balance equation (Eq. 2) for the electron temperature profile with an evaluated bath temperature T s . Using the calculated temperature profile, we deduced the resistance R 0 of the microbridge according to the measured temperature-dependent resistance of the HEB mixer with no LO heating power. A good agreement between measurements and calculations has been achieved. It suggests that the terahertz radiation is indeed absorbed non-uniformly in the superconducting microbridge when <2 and the improved hot spot model is able to fully describe the frequency dependent characteristics of the HEB mixer.
Conclusion
To conclude, we have compared the modelling and measurement of a superconducting HEB mixer at two frequencies. The modelling has been performed with an improved hot spot model in which the effect caused by the non-uniform absorption of RF radiation along the superconducting microbridge is included. Using this improved hot spot model, the LO-pumped current-voltage and the LO-pumped resistancetemperature characteristics of the HEB mixer have been calculated and we have observed a good agreement between measurements and calculations. The modelling has also suggested that the nonuniform absorption of terahertz radiation may worsen the mixing performance of the HEB mixer at low frequencies.
